Introduction
============

Allergic rhinitis (AR) is the allergic inflammation of immune cells in the nasal mucosa and is characterized by clinical symptoms and complaints including itching, allergic conjunctivitis, rhinorrhea, nasal congestion and disturbed olfaction ([@b1-etm-0-0-9078]). AR affects \~10% of the population worldwide and an increase in the frequency of this disease has been reported ([@b2-etm-0-0-9078]). AR is closely associated with other inflammatory diseases, including asthma, chronic rhinosinusitis, allergic conjunctivitis and otitis media with effusion and adenoid hypertrophy, which may affect the quality of life of patients with AR ([@b3-etm-0-0-9078],[@b4-etm-0-0-9078]).

The imbalance of type 2 T helper (Th2) cells, a subset of CD4^+^ T cells, has an essential role in the pathogenesis and immunological characteristics of AR ([@b5-etm-0-0-9078]). A previous study reported that immunoglobulin (Ig)E produced by Th2 cells binds to IgE receptors on the surface of mast cells to sensitize these cells, resulting in the release of histamine and leukotrienes, which induce an AR attack ([@b6-etm-0-0-9078]). Interleukin (IL)-4 and IL-13 secreted by activated Th2 cells are recognized as key mediators of the pathogenesis of AR, leading to IgE isotype switch ([@b7-etm-0-0-9078]). Furthermore, IL-17a and interferon (IFN)-γ are inflammatory cytokines produced by Th2 cells that may induce the expression of other cytokines and mucosal proteins. IL-17a and IFN-γ are involved in the development and regulation of AR ([@b8-etm-0-0-9078],[@b9-etm-0-0-9078]). Shirasaki *et al* ([@b10-etm-0-0-9078]) reported that Th2 cells were abundant in the nasal mucosa during AR and low Th2 cell counts relieved AR-associated symptoms, suggesting that Th2 cells may be a potential target for the treatment of AR ([@b10-etm-0-0-9078]).

IL-37 is a unique member of the IL-1 family with broad anti-inflammatory roles during autoimmune diseases, including systemic lupus erythematosus, psoriasis and asthma ([@b11-etm-0-0-9078]). Several studies have reported that IL-37 alleviates allergic inflammation during AR ([@b14-etm-0-0-9078]). In animal models, administration of recombinant human IL-37 may attenuate the local allergic symptoms of AR and decrease the expression of cytokines produced by Th2 and Th17 cells in the nasal mucosa ([@b15-etm-0-0-9078]). IL-37 has also been demonstrated to regulate aberrant T-cell immune responses in patients with AR ([@b16-etm-0-0-9078]).

Wang *et al* ([@b14-etm-0-0-9078]) reported that phosphorylation of STAT proteins, together with IL-37 signaling and exogenous IL-37 treatment, is able to attenuate allergic symptoms (nasal rubbing and sneezing) by decreasing STAT6 or STAT3 expression levels in CD4^+^ T-cell subsets ([@b14-etm-0-0-9078]). The increased expression of IL-1R8 in CD4^+^ T cells may be associated with the potential role of IL-37 during AR-mediated anti-inflammation ([@b16-etm-0-0-9078]). Further studies have focused on the role of IL-37 in limiting innate inflammation primarily by inhibiting the production of proinflammatory cytokines by macrophages or epithelial cells ([@b17-etm-0-0-9078],[@b18-etm-0-0-9078]). However, the underlying anti-inflammatory mechanism of IL-37, as well as its ability to alleviate the allergic symptoms of AR, have yet to be determined.

C-C motif cytokine ligand (CCL)11 is critical for attracting eosinophils during allergic asthma in mice ([@b19-etm-0-0-9078],[@b20-etm-0-0-9078]). IL-4/IL-13 signaling may induce CCL11 secretion in Th2 cells ([@b21-etm-0-0-9078]), and interruption of IL-4 and IL-13 synthesis significantly decreases CCL11 production, which further reduces pulmonary eosinophilia in several asthma models ([@b22-etm-0-0-9078],[@b23-etm-0-0-9078]). In a previous animal study, IL-37 has been reported to inhibit the production of IL-4/IL-13 but induce the production of CCL11, thereby stimulating anti-inflammatory mechanisms in allergic asthma ([@b24-etm-0-0-9078]). However, the exact mechanisms by which IL-37 inhibits IL-4/IL-13 and induces CCL11 to exert its anti-inflammatory effects in AR have yet to be elucidated.

On the basis of the aforementioned studies, it was hypothesized that IL-37 alleviates the allergic symptoms of AR via CCL11 signaling in Th2 cells. To further understand the role of IL-37 in CCL11 signaling, a mouse model of AR was established by treating animals with ovalbumin (OVA). The allergic symptoms were investigated and the serum and nasal lavage fluid levels of IgE, IgG1, IgG2a, IFN-γ, IL-4, IL-13, IL-17a and CCL11, as well as histamine and substance P, were determined by ELISA. In addition, the number of eosinophils was determined by histopathological observation.

Materials and methods
=====================

### Animals

A total of 40 male BALB/c mice (age, 6-8 weeks; weight, 20-23 g) were purchased from Beijing SPF Vital Laboratory Animal Technology Company. The mice were housed in a limited access rodent facility with 8 rats per polycarbonate cage in a room with a 12 h light, 12 h dark cycle (lights on from 7:00 a.m. to 7:00 p.m.), with a relative humidity maintained at 55±15%, and a constant temperature (24±2˚C). The experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committee of Beijing Jishuitan Hospital (Beijing, China).

### Experimental procedure

To induce sensitization, mice were administered with an intraperitoneal injection of 1 mg/ml OVA (Grade V; Sigma-Aldrich; Merck KGaA) and 20 mg/ml aluminum hydroxide (Sigma-Aldrich; Merck KGaA) in sterile saline (0.1 ml/mouse) on days 1, 3, 5, 7, 9, 11 and 13. To induce AR, mice were subsequently intranasally administered 60 mg/ml OVA in sterile saline (20 µl/mouse) from day 20 to day 30([@b14-etm-0-0-9078]). The control group (n=10) did not receive any treatment.

### Experimental design and pharmacological treatment

The experimental design is presented in [Fig. 1](#f1-etm-0-0-9078){ref-type="fig"}. OVA-exposed mice were randomly assigned to one of the following three groups (n=10 per group): The OVA group received no treatment; the OVA + Sal group received 1 µg saline by intraperitoneal injection prior to each OVA challenge and for 5 days between day 26 and day 30; and the OVA + IL-37 group received 1 µg recombinant human IL-37 (dissolved in 50 µl sterile PBS, R&D Systems, Inc.) by intraperitoneal injection prior to each OVA challenge and for 5 days between day 26 and day 30 according to a previous protocol ([@b14-etm-0-0-9078]).

### Evaluation of allergic symptoms

Nasal symptoms were evaluated by counting the frequency of nasal rubbing and sneezing ([@b25-etm-0-0-9078]). The frequency of nasal rubbing and sneezing within a 15-min period after the final allergen challenge was recorded by two observers blinded to the experimental conditions.

### Collection of serum and nasal lavage fluid and ELISA

At 24 h after the last administration of OVA, the mice were anesthetized with isoflurane. Cardiac blood samples were harvested from each mouse in EDTA-coated tubes, maintained on ice, centrifuged at 4,000 x g for 10 min at 4˚C and subsequently, serum was isolated. ELISA was performed to determine the following: Total IgE (Mouse IgE ELISA kit; cat. no. SEKM-0095; Beijing Solarbio Science & Technology Co., Ltd.), IgG1 (Mouse IgG1 ELISA kit; cat. no. SEKM-0097; Beijing Solarbio Science & Technology Co., Ltd.), IgG2a (Mouse IgG2a ELISA kit; cat. no. SEKM-0099; Beijing Solarbio Science & Technology Co., Ltd.), IFN-γ (Mouse IFN-γ ELISA kit; cat. no. PI508; Beyotime Institute of Biotechnology), IL-4 (Mouse IL-4 ELISA kit; cat. no. PI612; Beyotime Institute of Biotechnology), IL-13 (Mouse IL-13 PicoKine ELISA kit; cat. no. EK0425; Boster Biological Technology), IL-17a (Mouse IL-17a ELISA kit; cat. no. PI545; Beyotime Institute of Biotechnology) and CCL11 (Mouse CCL11 PicoKine ELISA kit; cat. no. EK0330; Boster Biological Technology). Concentrations were determined by ELISA using specific rabbit polyclonal antibodies (Abcam) according to the manufacturer\'s protocol.

After the collection of blood, the mice were sacrificed with an overdose of isoflurane. When the cardiac activity and respiration ceased 15 min later, nasal lavage fluid was collected using an 18-gauge catheter. In brief, the trachea was partly resected, a catheter was inserted from the trachea into the nasopharynx and the nasal passages were gently perfused with 1 ml saline. The nasal lavage fluid was centrifuged at 10,000 x g for 10 min at 4˚C. The concentrations of IFN-γ, IL-4, IL-13, IL-17a and CCL11 were determined by ELISA using the aforementioned kits. In addition, histamine (Histamine ELISA kit; cat. no. ab213975; Abcam) and substance P (Substance P ELISA kit; cat. no. ab133029; Abcam) were measured by ELISA.

### Histopathologic observation

After 24 h of the last challenge on day 30, a portion of the nasal mucosa was excised and fixed in 10% formalin for 3 days at room temperature. The tissues were cut into 4-µm sections and stained for 1 min at room temperature using a haematoxylin-eosin staining kit (Beyotime Institute of Biotechnology) to assess the extent of inﬂammatory cell infiltration. A total of 5 random fields of vision in the nasal mucosal sections were examined using an Olympus FluoView 1200 confocal microscope (Olympus Corp.) and photomicrographs (magnification, x400) of representative nasal mucosa areas were acquired. The thickness of the nasal mucosa and the number of eosinophils were calculated using Image J software (Version 1.5.1; National Institutes of Health)

### Statistical analysis

Values are expressed as the mean ± standard deviation. Statistical analyses were performed using SPSS software (version 23.0; IBM Corp.) and GraphPad Prism software (version 7.0; GraphPad Software, Inc.). One-way analysis of variance followed by Bonferroni\'s correction was used for multiple comparisons among four groups. The correlation between two variables was assessed by Pearson correlation analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Allergic symptoms

The effects of IL-37 administration on the allergic symptoms of the mice with OVA-induced AR are presented in [Fig. 2](#f2-etm-0-0-9078){ref-type="fig"}. The frequency of nasal rubbing (P\<0.001) and sneezing (P\<0.05) in the OVA group was significantly increased compared with that in the control group ([Fig. 2A](#f2-etm-0-0-9078){ref-type="fig"} and [B](#f2-etm-0-0-9078){ref-type="fig"}). After IL-37 administration, the frequency of nasal rubbing (P\<0.001) and sneezing (P\<0.05) in the OVA + IL-37 group was significantly decreased compared with that in the OVA + Sal group ([Fig. 2A](#f2-etm-0-0-9078){ref-type="fig"} and [B](#f2-etm-0-0-9078){ref-type="fig"}).

### Serum IgE, IgG1 and IgG2a levels

Serum IgE, IgG1 and IgG2a levels in mice were measured by ELISA and the results are presented in [Fig. 3](#f3-etm-0-0-9078){ref-type="fig"}. IgE levels in the serum were significantly higher in the OVA group compared with those in the control group (P\<0.001; [Fig. 3A](#f3-etm-0-0-9078){ref-type="fig"}). Treatment with IL-37 significantly reduced the IgE levels in the serum of OVA-treated mice (P\<0.001; [Fig. 3A](#f3-etm-0-0-9078){ref-type="fig"}). IgG1 levels in the OVA group were significantly increased compared with those in the control group. However, IgG1 serum levels were decreased in the OVA + IL-37 group compared with the OVA group (P\<0.001; [Fig. 3B](#f3-etm-0-0-9078){ref-type="fig"}). Furthermore, IgG2a serum levels were significantly decreased in the OVA group compared with those in the control group, but this effect was reversed by IL-37 treatment (P\<0.001; [Fig. 3C](#f3-etm-0-0-9078){ref-type="fig"}).

### Thickness of the nasal mucosa and number of eosinophils

The thickness of the nasal mucosa and number of eosinophils were histologically determined ([Fig. 4](#f4-etm-0-0-9078){ref-type="fig"}). Representative histological images for the different groups are provided in [Fig. 4A](#f4-etm-0-0-9078){ref-type="fig"}, [B](#f4-etm-0-0-9078){ref-type="fig"}, [D](#f4-etm-0-0-9078){ref-type="fig"} and [E](#f4-etm-0-0-9078){ref-type="fig"}. The thickness of the nasal mucosa was significantly increased in the OVA group compared with that in the control group (P\<0.001; [Fig. 4C](#f4-etm-0-0-9078){ref-type="fig"}). Following IL-37 treatment, a significant decrease in the thickness of the nasal mucosa of OVA-treated mice was observed (P\<0.001; [Fig. 4C](#f4-etm-0-0-9078){ref-type="fig"}). The eosinophil count in the nasal mucosa was significantly increased in the OVA group compared with that in the control group (P\<0.001; [Fig. 4F](#f4-etm-0-0-9078){ref-type="fig"}), and similarly, following IL-37 treatment, OVA-treated mice displayed a significant decrease in the eosinophil count (P\<0.001; [Fig. 4F](#f4-etm-0-0-9078){ref-type="fig"}).

### Nasal lavage fluid cytokine or chemical mediator levels

As presented in [Fig. 5](#f5-etm-0-0-9078){ref-type="fig"}, the levels of cytokines and chemical mediators, including IL-4 ([Fig. 5B](#f5-etm-0-0-9078){ref-type="fig"}), IL-13 ([Fig. 5C](#f5-etm-0-0-9078){ref-type="fig"}), IL-17a ([Fig. 5D](#f5-etm-0-0-9078){ref-type="fig"}), CCL11 ([Fig. 5E](#f5-etm-0-0-9078){ref-type="fig"}), histamine ([Fig. 5F](#f5-etm-0-0-9078){ref-type="fig"}) and substance P ([Fig. 5G](#f5-etm-0-0-9078){ref-type="fig"}), were significantly increased in the nasal lavage fluid of the OVA group compared with those in the control group. However, IFN-γ levels were decreased in the nasal lavage fluid of the OVA group compared with those in the control group (P\<0.01; [Fig. 5A](#f5-etm-0-0-9078){ref-type="fig"}). After IL-37 treatment, the effects of OVA on the levels of the abovementioned cytokines and chemical mediators in the nasal lavage fluid were significantly inhibited or even reversed (P\<0.001; [Fig. 5A-F](#f5-etm-0-0-9078){ref-type="fig"}). A positive correlation between the levels of CCL11 and IL-4 (r^2^=0.6765; P\<0.05; [Fig. 5I](#f5-etm-0-0-9078){ref-type="fig"}), IL-13 (r^2^=0.8650; P\<0.05; [Fig. 5J](#f5-etm-0-0-9078){ref-type="fig"}), IL-17a (r^2^=0.4562; P\<0.05; [Fig. 5K](#f5-etm-0-0-9078){ref-type="fig"}), histamine (r^2^=0.8439; P\<0.05; [Fig. 5L](#f5-etm-0-0-9078){ref-type="fig"}) and substance P (r^2^=0.8406; P\<0.05; [Fig. 5M](#f5-etm-0-0-9078){ref-type="fig"}) was identified. Furthermore, a negative correlation between the levels of CCL11 and IFN-γ was obtained (r^2^=0.6641; P\<0.05; [Fig. 5H](#f5-etm-0-0-9078){ref-type="fig"}).

### Serum cytokine levels

The serum cytokine levels are presented in [Fig. 6](#f6-etm-0-0-9078){ref-type="fig"}. The serum levels of IL-4 ([Fig. 6B](#f6-etm-0-0-9078){ref-type="fig"}), IL-13 ([Fig. 6C](#f6-etm-0-0-9078){ref-type="fig"}), IL-17a ([Fig. 6D](#f6-etm-0-0-9078){ref-type="fig"}) and CCL11 ([Fig. 6E](#f6-etm-0-0-9078){ref-type="fig"}) were significantly increased, while the levels of IFN-γ were significantly decreased ([Fig. 6A](#f6-etm-0-0-9078){ref-type="fig"}) in the OVA group compared with those in the control group (P\<0.001). Following IL-37 treatment, the effect of OVA on the serum levels of each cytokine was significantly inhibited or reversed (P\<0.001; [Fig. 6A-E](#f6-etm-0-0-9078){ref-type="fig"}). A positive correlation between the serum levels of CCL11 and IL-4 (r^2^=0.6817; P\<0.05; [Fig. 6G](#f6-etm-0-0-9078){ref-type="fig"}), IL-13 (r^2^=0.6955; P\<0.05; [Fig. 6H](#f6-etm-0-0-9078){ref-type="fig"}) and IL-17a (r^2^=0.2384; P\<0.05; [Fig. 6I](#f6-etm-0-0-9078){ref-type="fig"}) was identified. By contrast, a negative correlation between the serum levels of CCL11 and IFN-γ (r^2^=0.4294; P\<0.05; [Fig. 6F](#f6-etm-0-0-9078){ref-type="fig"}) was obtained.

Discussion
==========

In the present study, the protective effect and ability of IL-37 to attenuate the allergic inflammatory response by decreasing the production of CCL11 in a mouse model of OVA-induced AR was investigated. Allergic symptoms, including nasal mucosal eosinophilia, increased thickness of the nasal mucosa, as well as altered serum IgE, IgG1 and Ig G2a levels, were reduced or reversed in AR mice treated with IL-37. Furthermore, IL-37 decreased the levels of cytokines, including IL-4, IL-13, IL-17a and CCL11, in the serum and nasal lavage fluid of mice with OVA-induced AR. However, the level of IFN-γ in the serum and nasal lavage fluid of mice could be increased by IL-37 treatment. In addition, OVA-induced increases in the levels of histamine and substance P were reversed by IL-37 administration. CCL11 levels displayed a positive correlation with the levels of IL-4, IL-13, IL-17a, histamine and substance P. CCL11 displayed a negative correlation with the expression of IFN-γ, which suggested that IL-37 may attenuate the allergic inflammatory response by decreasing CCL11 expression in an OVA-induced mouse model of AR.

Immunoglobulins have major roles in mediating allergic and inflammatory reactions. The expression of several immunoglobulin antibodies, including IgE, IgG1 and IgG2a, has been reported to be involved in B-cell immune responses controlled by cytokines produced by Th cells, such as TNF-α, IL-4, IL-5, IL-10, IL-12 and IL-13 ([@b1-etm-0-0-9078],[@b26-etm-0-0-9078]). In particular, allergens may activate the binding of IgE to the high-affinity IgE receptor FcεRI on the surface of eosinophils. Subsequently, chemical mediators are released into the surrounding tissues, causing allergic symptoms ([@b2-etm-0-0-9078],[@b27-etm-0-0-9078]). In the present study, the altered serum profiles of IgE, IgG1 and Ig G2a in OVA-treated mice were reversed by IL-37 treatment, suggesting that IL-37 may downregulate immune responses in CD4^+^ T cells. Following IL-37 treatment, the OVA group displayed significantly reduced allergic symptoms (nasal rubbing and sneezing). The results suggested that systemic administration of IL-37 decreased the hallmarks of experimental AR by decreasing the production of IgE, IgG1 and IgG2a.

The infiltration of eosinophils into the mucosa and the thickness of the nasal mucosa are important pathological features of AR. Limited chronic inflammation and a priming effect are stimulated by eosinophil infiltration into the nasal mucosa, both of which may intensify nasal hyperreactivity ([@b28-etm-0-0-9078]). In the present study, histopathological observations indicated a high degree of eosinophil infiltration in the interstitium of the nasal mucosa and an increase in the thickness of the nasal mucosa in the mouse model of AR. Furthermore, the degree of eosinophil infiltration and the thickness of the nasal mucosa were reduced by IL-37, which is consistent with the results of a study performed by Shahsavan *et al* ([@b29-etm-0-0-9078]). These results indicated that IL-37 may attenuate the allergic inflammatory response by decreasing eosinophil infiltration in the interstitium of the nasal mucosa.

IL-4 and IL-13 are immunoregulatory cytokines secreted predominantly by activated Th2 cells and serve as key mediators of the allergic response, including the induction of isotype switching to IgE and the promotion of eosinophil migration across the endothelium of Th2 lymphocytes ([@b30-etm-0-0-9078],[@b31-etm-0-0-9078]). Increasing evidence suggests that Th2 cytokines, including IL-4 and IL-13, which are downregulated by T cells, are elevated in patients with AR, inducing the itch response via signaling in sensory neurons ([@b32-etm-0-0-9078],[@b33-etm-0-0-9078]). IL-4 and IL-13 are secreted primarily by eosinophils and basophils, and they bind to the IgE receptor with high affinity to initiate IgE-dependent inflammatory reactions and IgE production by B cells ([@b34-etm-0-0-9078]). Furthermore, IL-4 may induce polyamine synthesis, which exerts anti-inflammatory effects ([@b35-etm-0-0-9078]). In the present study, IL-37 decreased the IL-4 and IL-13 levels in the serum and nasal lavage fluid, indicating that IL-37 attenuated the allergic inflammatory response by downregulating IL-4 and IL-13 expression. Huang *et al* ([@b36-etm-0-0-9078]) reported that IL-37 is able to downregulate IL-4/IL-13 expression by inhibiting STAT6 activation and STAT3 phosphorylation. The results also suggested a potential underlying mechanism of IL-37, indicating that IL-37 reversed the serum profile of IgE and eosinophil infiltration in the mucosa.

IL-17 is involved in airway hyperreactivity and mucus hypersecretion in the upper airway during AR ([@b37-etm-0-0-9078]). After OVA administration, the IL-17 level was significantly increased, which is consistent with the results of a previous study ([@b1-etm-0-0-9078]). By contrast, IL-37 administration reversed the OVA-induced increases in the serum and nasal lavage fluid levels of IL-17, indicating that IL-37 may reverse allergic symptoms (nasal rubbing and sneezing). IFN-γ is the principal Th1 effector cytokine, which affects Th1/Th2 differentiation, triggers macrophage production and inhibits Th2-cell proliferation ([@b38-etm-0-0-9078]). Zhu *et al* ([@b39-etm-0-0-9078]) reported that reductions in IFN-γ release in in vitro co-culture with IL-37 may partly rely on the suppressed transcriptional activity of NF-κB ([@b39-etm-0-0-9078]). The present study suggested that the concentration of IFN-γ was increased in the OVA + IL-37 group compared with that in the OVA group, further indicating that IL-37 shifted the Th2 immune response to allergens to a Th1 immune response.

Although the levels of IL-4, IL-13 and IL-17 were significantly reduced by IL-37, similar to the results reported in previous studies ([@b14-etm-0-0-9078],[@b16-etm-0-0-9078],[@b24-etm-0-0-9078],[@b39-etm-0-0-9078]), the mechanism of IL-37 in the regulation of cytokines has yet to be determined. CCL11 is critical for the attraction of eosinophils during allergic asthma. Therefore, the present study investigated the serum and nasal lavage fluid levels of CCL11. CCL11 levels were significantly increased in the OVA group compared with those in the control group and were reduced following treatment with IL-37. Of note, CCL11 displayed a positive correlation with various cytokines, including IL-4, IL-13 and IL-17. According to the literature, the inhibitory effect of IL-37 on IL-4/IL-13 is mediated by a reduction in CCL11 production in house dust mite-induced allergic asthma ([@b24-etm-0-0-9078]). Therefore, IL-37-mediated alterations to the levels of CCL11 may have a role in the regulation of cytokines, including IFN-γ, IL-4, IL-13 and IL-17.

Despite the important role of IL-37 in the regulation of CCL11-mediated OVA-induced AR, IL-37 has previously been reported to inhibit STAT6 activation and STAT3 phosphorylation to alleviate pulmonary eosinophilia and airway remodeling ([@b36-etm-0-0-9078]). The possible mechanisms by which IL-37 regulates CCL11 and CCL11 subsequently regulates serum cytokine levels were not identified in the present study and further investigation is thus required. In addition, the IL-2 receptor has been implicated in immune responses and may be a potential mechanism by which IL-37 relieves allergic inflammation ([@b40-etm-0-0-9078]). Collectively, the results of the present study along with those of previous studies suggest that further investigation is required to identify the underlying mechanisms of IL-37 during AR.

The present study reported novel results on the effect of IL-37 in a mouse model of OVA-induced AR. The results suggested that IL-37 reversed allergic symptoms and the allergic inflammatory response by downregulating serum cytokine levels and inhibiting CCL11 expression.
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![Experimental design of the mouse model of AR. To induce sensitization, mice were administered OVA and alum i.p. on days 1, 3, 5, 7, 9, 11 and 13. To induce AR, the mice were challenged i.n. with OVA from day 20 to 30 and were subsequently administered rhIL-37 i.p. for 5 consecutive days from day 26 to 30. AR, allergic rhinitis; OVA, ovalbumin; alum, aluminum hydroxide; i.p., intraperitoneally; i.n., intranasally; rhIL-37, recombinant human interleukin 37.](etm-20-04-3114-g00){#f1-etm-0-0-9078}

![Systemic administration of IL-37 attenuates OVA-induced allergic symptoms. Frequency of (A) sneezing and (B) nasal rubbing. Values are expressed as the mean ± standard deviation (n=40). ^\*^P\<0.05, as indicated. IL, interleukin; OVA, ovalbumin; Sal, saline.](etm-20-04-3114-g01){#f2-etm-0-0-9078}

![Systemic administration of IL-37 reduces the OVA-induced serum levels of IgE, IgG1 and IgG2a in a mouse model of allergic rhinitis. Serum levels of (A) IgE, (B) IgG1 and (C) IgG2a. Values are expressed as the mean ± standard deviation (n=40). ^\*^P\<0.05, as indicated. IL, interleukin; OVA, ovalbumin; Ig, immunoglobulin; Sal, saline.](etm-20-04-3114-g02){#f3-etm-0-0-9078}

![Systemic administration of IL-37 attenuates OVA-induced nasal eosinophil infiltration and alterations to the thickness of the nasal mucosa in a mouse model of allergic rhinitis. Representative photomicrographs of the nasal mucosa in the (A) control, (B) OVA, (C) OVA + Sal and (D) OVA + IL-37 groups. The nasal mucosa tissues were stained with haematoxylin & eosin and histopathologically observed (magnification, x400; scale bar, 50 µm). (E) Eosinophil count and (F) thickness of the nasal mucosa. Values are expressed as the standard deviation (n=40). The black arrows represent eosinophils. ^\*^P\<0.05, as indicated. IL, interleukin; OVA, ovalbumin; Sal, saline.](etm-20-04-3114-g03){#f4-etm-0-0-9078}

![Systemic administration of IL-37 reverses OVA-induced effects on the levels of cytokines or chemical mediators in the nasal lavage fluid in a mouse model of allergic rhinitis, and the correlation between CCL11 and IFN-γ, IL-4, IL-13, IL-17a, histamine and substance P. Nasal lavage fluid level of (A) IFN-γ, (B) IL-4, (C) IL-13, (D) IL-17a, (E) CCL11, (F) histamine and (G) substance P. The correlation between nasal lavage fluid levels of CCL11 and (H) IFN-γ, (I) IL-4, (J) IL-13, (K) IL-17a, (L) Histamine and (M) Substance. P Values are expressed as the mean ± standard deviation (n=40). ^\*^P\<0.05, as indicated. IL, interleukin; OVA, ovalbumin; CCL11, C-C motif cytokine ligand 11; IFN-γ, interferon-γ; Sal, saline.](etm-20-04-3114-g04){#f5-etm-0-0-9078}

![Systemic administration of IL-37 reverses the OVA-induced effects on serum levels of IFN-γ, IL-4, IL-13, IL-17a and CCL11 in a mouse model of allergic rhinitis, and the correlation between serum levels of CCL11 and IFN-γ, IL-4, IL-13 and IL-17a. Serum levels of (A) IFN-γ, (B) IL-4, (C) IL-13, (D) IL-17a and (E) CCL11. The correlation between serum levels of CCL11 and (F) IFN-γ, (G) IL-4, (H) IL-13 and (I) IL-17a. Values are expressed as the mean ± standard deviation (n=40). ^\*^P\<0.05, as indicated. IL, interleukin; OVA, ovalbumin; IFN-γ, interferon-γ; CCL11, C-C motif cytokine ligand 11; Sal, saline.](etm-20-04-3114-g05){#f6-etm-0-0-9078}
